The magnetism in the saw-tooth lattice of Mn in the olivine chalcogenides, Mn2SiS4−xSex (x = 1-4) is studied in detail by analyzing their magnetization, specific heat and thermal conductivity properties and complemented with density functional theory calculations. The air-stable chalcogenides are antiferromagnets and show a linear trend in the transition temperature, TN as a function of Se-content (x) which shows a decrease from TN ≈ 86 K for Mn2SiS4 to 66 K for Mn2SiSe4. Additional new magnetic anomalies are revealed at low temperatures for all the compositions. Magnetization irreversibilities are also observed as a function of x. The specific heat and the magnetic entropy indicate the presence of short-range spin fluctuations in Mn2SiS4−xSex. A spinflop antiferromagnetic phase transition in the presence of applied magnetic field is present in Mn2SiS4−xSex, where the critical field for the spin flop increases from x = 0 towards 4 in a non-linear fashion. Density functional theory calculations show that an overall antiferromagnetic structure with ferromagnetic coupling of the spins in the ab-plane minimizes the total energy. The band structures calculated for Mn2SiS4 and Mn2SiSe4 reveal features near the band edges similar to those reported for Fe-based olivines suggested as thermoelectrics; however the experimentally determined thermal transport data do not support superior thermoelectric features. The transition from long-range magnetic order in Mn2SiS4 to short-range order and spin fluctuations in Mn2SiSe4 is explained using the variation of the Mn-Mn distances in the triangle units that constitutes the saw-tooth lattice upon progressive replacement of sulphur with selenium.
I. INTRODUCTION
Complex magnetic excitations from frustrated lattices of magnetic atoms is an attractive topic in quantum correlated systems. The saw-tooth antiferromagnetic chain has a frustrated topology of corner-sharing triangles of spins where the ground state of the spin-half saw-tooth chain is understood exactly [1] [2] [3] . Variety of ground states are predicted for the saw-tooth lattice depending on the ratio of the exchange interaction strengths between the base-base and the base-vertex pairs [4] [5] [6] [7] [8] . The saw-tooth systems attain importance in connection with the zero energy flat-band modes similar to the case of Kagome lattices 9, 10 and are valuable as potential materials for magnonics 11 . Experimental studies on saw-tooth lattices are limited in number; some examples are the delafossites, olivine and germanates [12] [13] [14] [15] . In this connection, chalcogenide olivines have received less attention regarding the magnetism and magnetic excitations arising from their underlying saw-tooth lattice. The A 2 BX 4 (A = Mn, Fe, Ni; B = Si, Ge; X = S, Se, Te, O) olivines, where the A atoms form a saw-tooth lattice, are well-known semiconducting magnetic compounds which find applications in optoelectronics and magentic devices 16, 17 . They have been recently computationally projected as suitable thermoelectric candidates owing to peculiar band structure features 18 . They crystallize in orthorhombic P nma space group and have relatively small tetrahedral ions (B) and large octahedral ions (A). Olivines have a spinel-like structure but uses one quadravalent and two divalent cations A 2+ 2 B 4+ X 4 instead of two trivalent and one divalent cations. The A sites consist of the two crystallographically independent sites (4a and 4c sites) and form a triangle-based saw-tooth chain structure through the edge-sharing bonds along the b-axis 19 . Due to this structural feature, the A-site lattice is geometrically magnetically frustrated when it is occupied by magnetic ions 19 . The end-compounds of Mn 2 SiS 4−x Se x -Mn 2 SiS 4 and Mn 2 SiSe 4 -order antiferromagnetically below their Neél temperature, T N ≈ 83 K and 66 K, respectively [20] [21] [22] [23] . Mn 2 SiS 4 belongs to the class of anisotropic uniaxial antiferromagnets but with anomalous magnetic features near the spin-flop transition 20 . A weak ferromagnetic interaction exists in a narrow temperature window between 83 K and 86 K, while displaying uniaxial anisotropy with the b-direction as the easy axis. The origin of weak ferromagnetism (WF) and the unusual temperature dependence of spin-flop critical field is unclear in olivines despite the microscopic origin of WF which is supported by neutron scattering experiments 24 . At 4.2 K a collinear ferromagnetic arrangement of the Mn spins at the two distinct crystallographic positions, 4a (a site with inversion) and 4c (mirror), was observed along the b axis. As the temperature increases to 83 K, the orientation of the 4a spins turns in the ab plane. At 83 K, both the 4a and the 4c spins reorient along the a axis but with some canting in the ac plane. It is in the very small temperature range of 83-86 K, spins at two different crystallographic positions display weak ferromagnetism. The paramagnetic to antiferromagnetic transition has been identified as belonging to the Heisenberg universality class and the weak ferromagnetic transition as first order with a latent heat ≈ 0.01 J/mol 25 . A very low value of magnetic entropy, about 5% of Rln(2S + 1), is found to be released at the antiferromagnetic transition, indicating that the spin entropy is not completely removed at the T N . Experimental support for the short-range spin fluctuations come from the fact that purely magnetic intensity was observed in neutron diffraction data up to 140 K 24 . On the other end of the composition series of Mn 2 SiS 4−x Se x is the case of Mn 2 SiSe 4 , which has the magnetic easy axis along crystallographic c-direction of the orthorhombic cell 23 . In the case of Mn 2 SiSe 4 , the average magnetic structure remains in a configuration intermediate to a ferrimagnet and an antiferromagent for most of the T < T N region. Though both Mn 2 SiS 4 and Mn 2 SiSe 4 are reported to show similar magnitude of magnetization, Mn 2 SiSe 4 displays pronounced field and temperature cycling dependencies in magnetic susceptibility 23 . The temperature range spanned by the magnetization maximum (between 66 K and 17 K, almost 50 K) is much wider compared to that of Mn 2 SiS 4 (between 86 K and 83 K, approximately 3 K) 22, 23 . The broadness of the transition in magnetic susceptibility of Mn 2 SiSe 4 and the hysteresis-like effects already suggests strongly competing interactions leading to a frustrated magnetic state. An interesting aspect of the olivines that has recently received attention is related to thermoelectricity. Quasi-flat band edges near the valence and conduction bands were predicted using density functional theory calculations in the case of Fe 2 GaCh 4 (Ch = S, Se, Te) 18 . This theoretical investigation was preceded by experiments that showed nano-structured Fe 2 GeS 4 is a photovoltaic material 16, 26 . Experimental studies have shown that Fe 2 SiS 4 and Fe 2 GeS 4 possess significant thermopower 27 . In the present paper we undertake a detailed experimental study of magnetism in Mn 2 SiS 4−x Se x . Our research is motivated by the prospect of understanding the role of magnetic frustration in the saw-tooth lattice of Mn in the series of olivines as the transition metal environment is altered from sulfur-rich to selenium-rich. A detailed magnetic and thermal property investigation of Mn 2 SiS 4−x Se x (x = 0, 1, 2, 3, 4) solid solutions is undertaken and is complemented with density functional theory calculations.
II. METHODS

A. Experimental techniques
Elemental Mn, Si, S and Se (99.99%, Aldrich) were used as reactants to synthesize Mn 2 SiS 4−x Se x , x = 0-4. Stoichiometric amount of these elements were weighed and mixed properly using a mortar and pestle before pelleting and loading into a 10 mm diameter quartz ampule in a N 2 -filled glove box. The quartz tubes were flame-sealed under a dynamic vacuum with pressure less than 10 −3 mTorr. The reaction mixtures were heated at 1000
• C for 24 hours then cooled to room temperature at a rate of 100
• C/h. To improve the phase purity and crystallinity, samples were re-ground, pelleted and annealed under identical conditions as necessary. Room temperature powder X-ray diffraction (PXRD) measurements were performed on a Rigaku MiniFlex600 instrument with a D/tex de-
(color online) A schematic of the olivine structure of Mn2SiS4. The unit cell is outlined in black solid line. The purple spheres are Mn. The saw-tooth lattice formed by Mn 2+ at the two crystallographically-inequivalent sites, m1 and m2 is shown. The line of m1 atoms forms along the b direction. In the figure, the black spheres are Si, and the yellow are S. The figure was created using VESTA 28 .
tector using a Ni-filtered Cu-Kα radiation (λ 1 : 1.540562Å; λ 2 : 1.544398Å). X-ray data collection experiments were performed at room temperature in the 10-70
• (2θ) range, with a step size of 0.02
• . Data analysis was performed using Rigaku PDXL software package. The collected data were fitted using the decomposition method (Pawley fitting) embedded in the PDXL package. For air stability studies, powder samples of all three compositions were left in ambient air for a period of 6 weeks. PXRD measurements were regularly performed during this period using the conditions described above. The specific heat, C p (T ), of the samples were measured using the heat pulse method in a commercial VersaLab, Physical Property Measurement System from Quantum Design. Tiny pellets of Mn 2 SiS 4−x Se x of mass approximately 2-3 mg were used for the measurements. The sample was attached to the calorimeter puck using N Apiezon grease. The C p (T ) was measured in the temperature range 50 K-300 K under 0 T and 3 T. The temperature and field-dependent magnetization measurements were performed in a SQUID Magnetic Property Measurement System. DC magnetization was measured in the temperature range 2-300 K and isothermal magnetization at 2 K in the range -7 T to 7 T. The thermal conductivity was measured using the TTO option in a commercial DynaCool-9, Physical Property Measurement System from Quantum Design. (9) 4.7153(6) (along c)
B. Computational methods
The density functional theory (DFT) calculations were carried out using the Vienna ab initio simulation package (VASP) [29] [30] [31] [32] . The projector augmented wave (PAW) method was utilized for the electron-ion interaction [33] [34] [35] with an en- ergy cutoff of 470 eV for the plane-wave basis functions. The generalized gradient approximation to exchange-correlation functional by Perdew, Burke, and Ernzhofer 36 was used. A Γ-centered (4×4×4) k-point grid based on Monkhorst-Pack scheme 37 was employed for initial structure optimization and later a finer grid of 6×11×13 was used for further refinement. We have relaxed the structures until the Hellmann-Feynman forces on the ions were lower than 0.04 eV/Å. An initial spin moment of 5 µ B to Mn ions were assigned and the spin moment was allowed to relax. We also used VESTA 28 software package for generating the crystal structures.
III. RESULTS AND DISCUSSION
A. X ray diffraction and air stability Powder X-ray diffraction (PXRD) patterns along with the Pawley fitting of Mn 2 SiS 4−x Se x (x = 0-4) compounds measured at room temperature are shown in Fig 2. The results of the structural analysis of the PXRD patterns are summarized in Table (I). All samples crystallize in the orthorhombic P bnm space group (# 62). The compounds, Mn 2 SiS 3 Se (x = 1), Mn 2 SiS 2 Se 2 (x = 2), and Mn 2 SiSe 4 (x = 4) were obtained as pure phase samples, whereas the Mn 2 SiS 4 (x = 0) and Mn 2 SiSSe 3 (x = 3) samples contained minor impurity phase of α-MnS quantified to be less than 2 wt%.
Air stability of Mn 2 SiS 4−x Se x is very important feature while considering use in practical device applications. Being a non-oxide, many chalcogenide based materials are prone to degradation upon exposure to air and moisture [38] [39] [40] . Air stability of Mn 2 SiS 4−x Se x compounds were investigated for over a period of 6 weeks by keeping the powder sample exposed to the ambient atmosphere. PXRD was collected regularly during this period and analyzed. PXRD patterns of the as-synthesized samples and those of the samples after exposure to air for 6 weeks showed no appreciable differences (not shown). After 6-weeks exposure to air, no additional peaks or peak broadening was observed in any of the five compositions. We confirm that Mn 2 SiSe 4 series have good air stability thereby establishing their potential for use in practical applications.
The important structural feature of the Mn 2 SiS 4−x Se x compounds from the perspective of magnetism is the sawtooth like triangular arrangement of Mn lattice. 19 Such a lattice forms the basis for a frustrated lattice depending on the different bond lengths or the exchange parameters related to the triangular motif building up the saw tooth. Mn has two crystallographically distinct positions in this structure, viz., 4a and 4c where there are four magnetic ions per cell with inversion symmetry and mirror symmetry respectively. Previous neutron powder diffraction studies on the x = 0 compound in the temperature range 4.2 K-300 K have shown that there is no structural change in the temperature range mentioned above. For all the Mn 2 SiS 4−x Se x compounds, we assume the olivine structure in the entire temperature range employed in the present study. The refined lattice parameters that we obtain in the present study for ( b )
x , S e c o n t e n t earlier report on the crystal structure. 41 Incidentally, a structural peculiarity that the Mn(1) octahedra being less distorted than the Mn(2) octahedra was mentioned in Ref [41] . Similarly the lattice parameters obtained for Mn 2 SiSe 4 series in the present work also matches well with the reported values. 22 
B. Specific heat
The experimentally measured specific heat of Mn 2 SiS 4−x Se x (x = 0-4) are presented in Fig 3 (a) where the specific heat under 0 T and 3 T are plotted together. The parent composition, Mn 2 SiS 4 reproduces the antiferromagnetic phase transition at T N ≈ 84 K 20, 25, 42, 43 which characterizes the paramagnetic-to-antiferromagnetic phase transition. It is reported that in the temperature range 83 K-86 K, Mn 2 SiS 4 displays WF; further, below 83 K it is an antiferromagnet. From the present C p (T ) data of Mn 2 SiS 4 , we identify the AF transition at 86.2 K by taking the derivative, dC p (T )/dT . The WF transition reported at 83 K is less-conspicuous in our derivative plot (not shown). Under the application of 3 T magnetic field, no changes to the peak at T N is noticeable for any of the compositions x = 0 to 4. This points towards strong AF nature of the underlying spin structure, up to atleast 3 T. Upon substituting S with Se, the transition temperature T N decreases from 86 K for x = 0 to 66 K for x = 4, Mn 2 SiSe 4 . The evolution of the T N as a function of x is presented in the inset (b) of In order to account for the phonon part of the specific heat of Mn 2 SiS 4−x Se x , an Einstein model-based curve fit was administered to the C p (T ). Such a fit is demonstrated in Fig 3  (b) for the case of Mn 2 SiS 4 . In (b), the solid line represents the fit using the following expression:
where, x i = ω E /k B T and a i is the weight factor for each mode. The specific heat data in the temperature range, T > 100 K was used for the fit. We obtain the Einstein temperatures as θ E1 = 744 K and θ E2 = 128 K. The lattice part of the specific heat thus obtained was subtracted from the total specific heat to obtain the magnetic part, C m which is plotted in the inset of with spin S = 5/2 contributes R ln (6) 
C. Magnetization
The dc magnetic susceptibility, χ fc dc (T ), of the Mn 2 SiSe 4 series measured in an applied magnetic field of 500 Oe are presented in Fig 4 for x = 0, 1, 4 in panel (a) and x = 2, 3 in (b). Though the phase transition temperatures (T N ) identified in the specific heat data are reflected in magnetic susceptibility as well, a significant difference in the magnitude of magnetic susceptibility is observed for the two sets of compositions in the panels (a) and (b). The magnetic phase transition in the case of Mn 2 SiS 4 occurs as a sharp anomalous peak at T N = 83.7 K and matches with the reported value. 24, 25 Upon progressive replacement of S with Se, the peak at the phase transition is weakened, and eventually for Mn 2 SiSe 4 a very broad feature is seen below ≈ 65 K. This observation also matches with the previous report of the magnetic behaviour of Mn 2 SiSe 4 .
22
The inset of (a) shows the T N values estimated from the χ fc dc (T ) data by taking the derivative, dχ fc dc (T )/dT. The derivative, dM/dT as a function of temperature for x = 0-4 are presented in the panels (c) to (g). The magnetic transition temperatures, T N s, thus estimated through the derivatives are collected in Table II . From the magnetization data, we have For the x = 0, 1 and 4 compositions, in addition to the T N , a low temperature anomaly is observed in the temperature range near 12 K (denoted as T 2 in the table). For the x = 2 and 3 compositions, we observe two more anomalies T 2 and T 3 in addition to the T N . This points out that the magnetic structure and the low temperature magnetism of Mn 2 SiS 4−x Se x compounds are more complex than the PM-AFM-WF transitions that were reported earlier. 20, 22, 25 The presence of α-MnS found in two of the samples through x ray diffraction analysis does not influence the magnetism as α-MnS has a magnetic transition at T = 140 K but we do not observe any anomalies at this temperature in any of the compositions. The effective paramagnetic moment, µ eff and the Curie-Weiss temperature, θ cw are estimated form the inverse magnetic susceptibility versus temperature data following a curve-fit to Curie-Weiss law. The insets (1) and (2) 20 . The magnetic frustration effect that is observed through the frustration index f is supported by the structural feature of the triangular Mn arrangement (refer Fig 1) that makes up the saw-tooth like lattice. In the case of Mn 2 SiS 4 which has f = 2.7, the Mn-triangle has two equal distances, 3.97Å and one 3.71Å. However, in the case of Mn 2 SiSe 4 which has a high f value (5.2), the Mn-triangle has all equal distance, 2.84Å.
The magnetic structure of the x = 0 and 4 compounds, Mn 2 SiS 4 and Mn 2 SiSe 4 have been elucidated through neutron powder diffraction methods. [23] [24] [25] The neutron diffraction study of Mn 2 SiS 4 confirmed the presence of olivine crystal structure in the whole temperature range of 4.2 K to 180 K.
However, as noted previously, Mn in this structure occupies two distinct Wyckoff positions, 4a and 4c. At 4.2 K, the Mn moments in both the positions were found to be collinear with the y-axis. At higher temperature, the magnetic moment on the 4a site gradually rotates away from the y-axis. Between 83-86 K, both the 4a and 4c moments tend to align along the x-axis. However, the moments are subjected to canting in the x-z plane. A similar case of tendency for canting of the spins was observed in Mn 2 SiSe 4 as well. However, in this case clear signature of diffuse magnetic scattering was observed, especially for the peaks at 2θ = 22
• and 48 •23 . The magnetization of Mn 2 SiSe 4 was then attributed to the short-range ferro or ferrimagnetic arrangement of canted spins. The spin cor- 
x ( S e -c o n t e n t ) relations as a part of the diffuse magnetic scattering is seen to persist up to 102 K. The observation to diffuse magnetic scattering in Mn 2 SiSe 4 from the previous studies support the frustrated magnetism observed through a high frustration index, f , and also low magnetic entropy released at the T N .
Multiple magnetic phase transitions at low temperature were observed in Mn and Fe orthosilicate olivines. 44, 45 In Mn 2 SiS 4−x Se x compounds, more than one magnetic anomaly is observed for all the compositions below their T N (refer to Table II) . By employing a Weiss mean-field model, the magnetic transitions in the Mn and Fe orthosilicates were qualitatively understood based on the parameter γ/α which is the ratio of the two superexchange angles present in the spin structure of these magnets. The ratio γ/α compares to the ratio, T N /θ cw . It was shown that in the special case where 2 < γ/α < 1, there arises a new low temperature phase transition below T N and it is indicated by the low values of the ratio T 2 /θ cw where T 2 < T N is the low temperature transition. In Table II , we have collected the ratios T N /θ cw , T 2 /θ cw and T 3 /θ cw for the Mn 2 SiS 4−x Se x compositions. It is easily noted that the value of T N /θ cw is relatively constant across the compositions, except for the highly frustrated composition, Mn 2 SiSe 4 . Also, the values of T 2 /θ cw and T 3 /θ cw are highly diminished compared to that of T N /θ cw . This is in agreement with the simple Weiss-field approach where the calculated exchange energies supported the low temperature magnetic anomalies. The broadness of the magnetic anomalies below T N in the Mn 2 SiSe 4 compositions point toward short-range magnetic order rather than a long-range magnetic order in to a new magnetic structure. The dc magnetic susceptibility of the Mn 2 SiS 4−x Se x series in zero field-cooled (ZFC) and field-cooled (FC) protocol in the presence of external magnetic field, H app = 500 Oe is presented in Fig 5  (a-e) . The effect of an external magnetic fields 1 T, 3 T and 5 T upon the field-cooled magnetic susceptibility is shown in the panels (f-j) of the same figure. For the compositions x = 0, 1, the ZFC and the FC arms show no bifurcation at all (a, b).
The magnetic phase transition is evident as a strong anomaly thereby confirming the AFM transition. For the compositions x = 2, 3, and 4 strong irreversibilities are observed in the magnetic response which is an indication of significant shortrange magnetic correlations or spin glass-like features. Interestingly, the highly frustrated compound Mn 2 SiSe 4 presents a ZFC/FC response where the ZFC and FC arms cross each other in the low temperature region. This crossing happens at T ≈ 18 K. This feature resembles the case of negative magnetization observed in many other oxide systems. [46] [47] [48] In the case of the spinel compound Co 2 VO 4 , the negative magnetization was explained in terms of a ferrimagnetic structure (T c = 158 K) and the resulting complex magnetism at low temperature. However, the presence of ferromagnetic clusters embedded in an AFM matrix also can display negative magnetization as evidenced in the case of the rare-earth manganite, NdMnO 3±δ where the stoichiometry of the oxygens also seem to play a role. 47 In order to accurately determine the presence of ferromagnetic short-range ordered clusters, low temperature neutron diffraction experiments were undertaken. In the case of Mn 2 SiSe 4 , the magnetic structure that is proposed already point towards the presence of short-range ferro or ferrimagnetic arrangement of canted spins. The magnetization data presented in Fig 5 (e) supports the claim of short-range ferrimagnetic canted spins. However, a detailed low temperature neutron powder diffraction study can shed more light on the proposed magnetic features. It can be noted that the application of external magnetic fields up to 5 T does not produce appreciable enhancement of the magnetization in any of the Mn 2 SiS 4−x Se x compositions (panels (f-j)).
The isothermal magnetization curves, M (H), as a function of applied field H in the range -7 T to +7 T at 2 K for Mn 2 SiS 4−x Se x x = 0 -4 are plotted together in Fig 6 (a) . The curves represent typical antiferromagnetic response with no indication of magnetic hysteresis. At 2 K and 7 T, the maximum magnetic moment attained is about 0.77 µ B /f.u. for Mn 2 SiSe 4Ṫ he lowest moment is attained for Mn 2 SiS 4 which has a value of 0.55 µ B /f.u. One of the earliest work on the Mn-chalcogenide olivines was related to the spinflop transition and the associated tricritical point in the H-T phase diagram. 20 The field-induced spin-flop transitions are reproduced in all the compositions in the present series of Mn 2 SiSe 4 (x = 0-4). The field-induced spin-flop transitions are clearly evidenced in the derivatives dM/dH versus H(T ) plotted in Fig 6 (b-d) which are shown for x = 0, 2 and 4. The variation of the critical field H c for spin-flop as a function of the Se-content is presented in the inset of (a). The spinflop transition in Mn 2 SiS 4 single crystals along the crystallographic c-axis is observed at a critical field of about 3 T. In the present case, our samples of polycrystalline Mn 2 SiS 4 also display the spin-flop transition at a comparable field value of 2.7 T. It can be observed that the H c first decreases with the replacement of S with Se, until x = 2. Beyond x = 2, for x = 3, 4 H c increases and reaches a maximum for Mn 2 SiSe 4 which is in fact, the highly frustrated composition in this group. In order to correlate the crystal and the electronic structure of the Mn 2 SiS 4−x Se x and to explore the band structure peculiarities of the current compositions as compared to that observed in Fe-based olivines that are predicted thermoelectrics 18 , we now take a look at the results from density functional theory calculations.
D. Density functional theory and thermal conductivity
The magnetic structure of Mn 2 SiS 4 and Mn 2 SiSe 4 are reported in the antiferromagnetic structure through neutron diffraction studies 23, 24 . The magnetic moments of Mn are proposed to lie in the c direction; the spins in the ab plane are ferromagnetically coupled while the adjacent layers are 
x ( S e -c o n t e n t ) coupled antiferromagnetic. We have performed the DFT calculations for the antiferromagnetic spin arrangement of the four different compositions in Mn 2 SiS 4−x Se x . The experimental crystal structure for Mn 2 SiS 4 , obtained from the room temperature structure determined in the present work, was used as the starting point to generate the initial structures for all the four compounds following a energy-minimization process. The crystal symmetry is found to be orthorhombic with six inequivalent positions, agreeing with the P bnm space group reported 41 . The optimized lattice constants, spin magnetic moments, and the band gaps of these systems are summarized in Table III and presented along with the corresponding experimental values for easy comparison. The total energy with the optimized lattice constants is lower than that with experimental lattice constants by 0.4 eV. The calculated magnetic moments on the Mn atoms show antiferromagnetic spin ordering. The DFT-calculated magnetic structure was found to match the experimental structure reported through previous neutron diffraction experiments 24 . The range of the calculated spin magnetic moments, µ c , are presented in the table for the optimized structure. An agreement is found between the µ c and the experimental values (µ t ) obtained from magnetization results of the present work. The substitution of one S by Se leads to two structures with the formula unit of Mn 2 SiS 3 Se which are identified as structures (a) and (b) in Table III . Similar substitution by two Se atoms also leads to two structures using the same set of inequivalent atom positions. Apart from these, we also tested mixed structures with random substitutional positions in a supercell which led to Mn 2 SiS 3 Se and Mn 2 SiS 2 Se 2 based on atom count only. However, we find that some of these structures have lower energy than the structures that conform to the orthorhombic symmetry and therefore we include them in the results, identified as structures Mn 2 SiS 3 Se (1)-(4) in the Table III. For the Mn 2 SiS 2 Se 2 compound, substitution of inequivalent atoms leads to the lowest energy structure compared to random substitution and therefore we present only the lowest energy structure in the table. However, for this compound and for Mn 2 SiSSe 3 , random substitution can lead to low lying structures within 0.02-0.07 eV above the ground state. The Mn 2 SiSe 4 compound with experimental lattice parameters is the lowest energy structure. For all the five compounds studied, the antiferromagnetic phase is the stable magnetic phase. The trend of the spin moment of the mixed compounds compare excellently with the trend seen from experiment. With higher number of Se atoms in the mixed compound, the spin moment decreases. However, the spin moment of the Mn 2 SiSe 4 from DFT is much smaller compared to that derived from experimental data. We find that there can be several local minima in the potential energy surface with slightly different lattice constants for this compound. In all cases however the spin moment is still smaller than the experimental value. The experimental spin moments are determined from magnetization data collected at elevated temperatures where lattice expansion can lead to reduced interactions between atoms. The DFT calculations are done without any temperature effect which may explain the difference between the DFT and experimental spin ((a, b, c) th and (a, b, c) exp) magnetic moments (µt/Mn and µc/Mn) and the calculated band gaps from the DFT calculations. 49 . However, the antiferromagnetic spin arrangement assumed in the work by Davydova et al seem to be different from the AFM structure that is obtained in the present work as well as in earlier neutron reports 24 . An LDA + U approach was used by Davydova et al which influences the band gap since U can be adjusted to match the experimental band gap.
Motivated by the band structure features that we found in Mn 2 SiS 4 and Mn 2 SiSe 4 and from the reports on other thio-olivines that project these materials as potential candidates for thermoelectric applications, we measured the thermal conductivity, κ(T ). Figure 7 (e, f) shows the κ(T ) for Mn 2 SiS 4 and Mn 2 SiSe 4 respectively. Both compounds show thermal conductivity that is reminiscent of semiconducting materials where phonons dominate the thermal transport 50 . At low temperatures the thermal conductivity rapidly increases with increasing temperature, forms a pronounced maximum centered below 50 K, and then decreases down to room temperature. The maximum in low temperatures occurs due to reduction of the thermal scattering at low temperatures, i.e., in the regime where the phonon mean free path becomes larger than the interatomic distances. For both compounds the magnetic phase transition appears only as a small kink in κ(T ) at the Néel temperature (marked by arrows in Fig 7 (e, f) is slightly diminished compared to that os Mn 2 SiS 4 and the former shows p-type conductivity according to our Seebeck coefficient measurement (not shown).
As the Se-content is increased from x = 0 to x = 4, the sharp magnetic transition observed in Mn 2 SiS 4 is replaced with a broad transition extending over a large temperature range below 65 K. The results of magnetization and the specific heat experiments point towards the emergence of short-range order stemming from enhanced magnetic frustration. In Fig 8 the Mn-Mn distances between the Mn atoms occupying the crystallographically distinct m 1 and m 2 positions are represented for Mn 2 SiS 4 , Mn 2 SiS 2 Se 2 and Mn 2 SiSe 4 . The distances marked on the figure are obtained from the refined x-ray diffraction data which is cross-checked against the distances obtained from DFT. It can be seen from the figure that the Mn-triangles that form the saw-tooth lattice are isosceles and the Mn-Mn distances between the atoms in the m 1 chain (along b) increases with Se-content. In general, the distances in the Mn-triangle increases from Mn 2 SiS 4 towards Mn 2 SiSe 4 . The Mn(m 1 )-Mn(m 1 ) distance along the c-direction for Mn 2 SiS 4 is 5.94Å which increases to 6.24Å for Mn 2 SiSe 4 . The Mn(m 1 )-Mn(m 1 ) distances also undergo a similar increase. From this, it is clear that the inter-layer distance between the saw-tooth layers increase towards Mn 2 SiSe 4 and subsequently a weakening of the exchange interaction can result. These structural features associated with the saw-tooth triangles lead to the formation of spin clusters in Mn 2 SiS 4−x Se x with increased Se-content resulting in predominant short-range order.
IV. CONCLUSIONS
The magnetism of chalcogenide olivine Mn 2 SiS 4−x Se x with a saw-tooth lattice for the Mn moments are studied in detail using magnetization, specific heat and first-principles density functional theory calculations. Progressive substitution of S using Se in Mn 2 SiS 4 is seen to shift the antiferromagnetic transition temperature from 86 K to 66 K. Though an antiferromagnetic transition is clear, the magnetic entropy estimated from the analysis of specific heat reveals diminished values suggesting strong spin fluctuations present. Among the Mn 2 SiS 4−x Se x compositions studied, Mn 2 SiSe 4 is the most frustrated. A non-linear trend in the evolution of the critical field for spin-flop is found across the compositions. Density functional theory calculations support the stable orthorhombic crystal structure across the series and confirms the antiferromagnetic structure for Mn 2 SiS 4 and Mn 2 SiSe 4 . Quasiflat-band features similar to that seen in Fe-based olivines are seen in the present case however, the experimental thermal transport results do not support features favourable for a good thermoelectric. 
